Behavioral and neurophysiological evidence suggests that the slow (1 Hz) oscillation (SO) during sleep plays a role in consolidating hippocampal (HIPP)-dependent memories. The effects of the SO on HIPP activity have been studied in rodents and cats both during natural sleep and during anesthetic administration titrated to mimic sleep-like slow rhythms. In this study, we sought to document these effects in primates. First, HIPP field potentials were recorded during ketaminedexmedetomidine sedation and during natural sleep in three rhesus macaques. Sedation produced regionally-specific slow and gamma (40 Hz) oscillations with strong coupling between the SO phase and gamma amplitude. These same features were seen in slow-wave sleep (SWS), but the coupling was weaker and the coupled gamma oscillation had a higher frequency (70 Hz) during SWS. Second, electrical stimuli were delivered to HIPP afferents in the parahippocampal gyrus (PHG) during sedation to assess the effects of sleep-like SO on excitability. Gamma bursts after the peak of SO cycles corresponded to periods of increased gain of monosynaptic connections between the PHG and HIPP. However, the two PHG-HIPP connectivity gains during sedation were both substantially lower than when the animal was awake. We conclude that the SO is correlated with rhythmic excitation and inhibition of the PHG-HIPP network, modulating connectivity and gamma generators intrinsic to this network. Ketamine-dexmedetomidine sedation produces a similar effect, but with a decreased contribution of the PHG to HIPP activity and gamma generation.
Hebbian plasticity (Csicsvari, Hirase, Mamiya, & Buzsaki, 2000; Destexhe and Sejnowski, 2003; Ji and Wilson, 2007; Kudrimoti, Barnes, & McNaughton, 1999) .
These neurophysiological properties of the SO have largely been studied in rodents and cats. Little is known of HIPP activity during the SO in primates. There is recent interest in clinical neuromodulation therapies to improve memory after medial temporal lobe injury or disease (Suthana and Fried, 2014) . A better understanding of the SO in primates could inform such therapies. Two recent studies examined HIPP field potentials during natural sleep in monkeys (Tamura et al., 2013; Takeuchi et al., 2015) . They found SO in the HIPP and crossfrequency coupling between the SO and gamma (30-90 Hz) oscillations. The gamma-SO relationship was similar to the ripple-SO (80-100 Hz) coupling seen in the HIPP of sleeping humans (Staresina et al., 2015) . Because of limits in achievable interactions with sleeping monkeys and humans, these studies did not apply stimuli to probe HIPP excitability changes correlated with the SO.
To facilitate more detailed experiments and increase the duration of the transient SO, prior studies in rodents and cats have used anesthesia to induce sustained, sleep-like SO in the HIPP and cortex (Chauvette, Crochet, Volgushev, & Timofeev, 2011; Sharma, Wolansky, & Dickson, 2010; Steriade et al., 1993b) . Among other agents, a cocktail of the NMDA-receptor antagonist ketamine and an a 2 -adrenergic receptor agonist, such as xylazine or dexmedetomidine, can produce sleep-like SO in nonprimates (Sharma et al., 2010; Zhang, Yoshida, Katz, & Lisman, 2012) . However, the properties of natural and anesthesia-induced SO in cats did differ in some respects (Chauvette et al., 2011) .
In this study, we sought to characterize SO in monkeys during both natural sleep and ketamine-dexmedetomidine sedation. We hypothesized that sleep-like SO in the HIPP could be induced with sedation. Also, based on the prior work in monkeys and humans, we hypothesized that a major feature of SO activity in both states would be cross-frequency coupling with gamma/ripple-frequency oscillations.
Finally, we hypothesized that SO phase would modulate HIPP excitability, which we quantified by delivering electrical stimuli to HIPP afferents in the parahippocampal gyrus (PHG).
| M A TE RI A L S A ND M E TH ODS
Three male rhesus macaques (Macaca mulatta), monkeys O, D, and F (8-12 kg), were used in this study. The procedures described below were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania and the Animal Care and Use Review Office (ACURO) of the Department of Defense.
| Surgery and imaging
Preparation of each monkey for this study consisted of four steps, with a minimum of 3 weeks of recovery time between each step. First, a sterile surgery was performed to attach a post to the skull with screws and acrylic. The post provided a skull-fixed holder for an array of imaging fiducial markers. In monkey F, the post was also used for head fixation during awake sessions. Second, magnetic resonance (MR) images of the brain were acquired with fiducial markers securely attached to the post. Third, a second sterile surgery was performed to implant the electrode arrays. Three, clinical-grade electrode arrays (SD08R-AP58X-000, Ad-Tech Medical Instrument Corp) were implanted using a MR-guided neuronavigation system (Brainsight, Rogue Research). The eight-electrode cylindrical arrays had 1.1-mm diameter, 2.2-mm interelectrode spacing, and 1.32-mm long platinum electrodes ( Figure 1a) . A transoccipital approach, adapted from human procedures (Bekelis et al., 2013; Wu et al., 2014) , was used to place one array each along the longitudinal axis of the HIPP and PHG of the left hemisphere.
The third array targeted deep medial structures and was used only as a control for the purposes of this study. The connector tails of the arrays were housed in a custom plastic chamber secured to the skull anterior to the post with screws and acrylic. An uninsulated silver wire, which served as the reference electrode for neural recordings, was wrapped around the skull screws before applying acrylic. Fourth, after implantation, computed tomography (CT) images of the brain were acquired to permit identification of the anatomical location of each implanted electrode as described below.
Note that clinical macroelectrodes were used in this study, rather than more conventional microelectrodes, since the broader goals of the funded project were to identify closed-loop stimulation paradigms for modulating memory that would be immediately suitable for human patients. This prevented us from recording single neurons and isolating individual HIPP subfields with great confidence. However, as described in the Results, the field potential recordings were sufficiently localized to document regionally specific, sleep-related oscillations and effective PHG-HIPP connectivity.
| Electrode localization
Thin-section, post-implantation head CT images demonstrating the position of the radiodense electrode arrays were coregistered to preimplantation, T1-weighted anatomic MR images using FMRIB's Linear Image Registration Tool (Jenkinson, Bannister, Brady, & Smith, 2002) .
MR images were additionally registered to the INIA19 Macaca mulatta template brain (Rohlfing et al., 2012) using Advanced Normalization Tools (Avants, Epstein, Grossman, & Gee, 2008) , allowing the electrode contacts from the CT to be overlaid on the NeuroMaps brain atlas (Figure 1b) . A neuroradiologist with expertise in medial temporal lobe anatomy confirmed the position of contacts within the HIPP and PHG on individual and template brain images.
| Electrophysiology during sedation and sleep
Sedated sessions began with a single intramuscular injection of a ketamine (4 mg kg ) to reverse the effects of dexmedetomidine (Scheinin et al., 1998) .
After each of the recording sessions in monkeys D and F (7 sessions), we set up a custom neurophysiology system, called the PennBMBI, prior to returning the animal to monitor neural activity during sedation reversal, wake, and sleep. The PennBMBI is a batterypowered device we developed previously for brain-machine interface applications (Liu et al., 2015) . It recorded one wide-band (0.79 to 2,500 Hz) neural signal at a rate of 10,000 samples s
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. The data was saved to an onboard microSD card and retrieved the next time the monkey was brought to the lab. The device was housed in the same head-fixed chamber as the electrode connectors.
Separate sedated sessions were focused on quantifying neural connectivity. Bipolar electrical stimuli (biphasic, 0.3-ms/phase, chargebalanced pulses generated by an IZ2H stimulator, Tucker-Davis Technologies) were applied to adjacent pairs of PHG electrodes and the response on the HIPP array was recorded. In some sessions, we implemented a closed-loop recording and stimulating paradigm. The digital signal processors of the RZ2 were programmed to bandpass filter (e.g., 30-50 Hz) the recording from a chosen HIPP electrode, square the signal, and trigger a bipolar PHG stimulus pulse when the value exceeded a threshold. In this way we could study PHG-HIPP connectivity in consistent states defined by oscillatory activity.
To continue assessment of connectivity during sedation reversal and awake states, the PennBMBI was programmed to provide bipolar stimulation at fixed intervals (i.e., a stimulus pulse every 30 s) and record the evoked response. The battery typically lasted for 3-4 h during stimulating-recording experiments and 18-30 h when just recording.
Not every experiment was conducted in each monkey. Monkey F was trained to sit in a chair and participate in awake behavioral studies.
Thus sedated sessions were limited in him and no closed-loop electrophysiology tests were performed. Also, the wearable system was not available for monkey O. Thus all sleep, wake, and sedation reversal data were collected from monkeys D and F. For all monkeys, the experimental sessions included in this study were interleaved with sessions devoted to other objectives.
| Data analysis
Neural signals were recorded in monopolar configuration referenced to shorted skull screws placed bilaterally over frontal and parietal cortex.
To assess whether the field potentials were local to the HIPP and PHG or were a result of activity near the skull screws, we performed the analyses below both before and after re-referencing the signals. Specifically, the HIPP and PHG signals were re-referenced to an electrode on the depth arrays that was just posterior or anterior to these areas, typically localized to white matter. We found the results to be robust to Phase-amplitude coupling between different frequency bands was quantified with the modulation index (Tort, Komorowski, Eichenbaum, & Kopell, 2010) . Briefly, the instantaneous amplitudes of one band and instantaneous phases of another were computed using the Hilbert transform. The mean amplitude in each of N 5 16 phase bins was calculated and normalized by dividing by the sum across all bins. The result was an amplitude distribution, P, as a function of phase, u. The modulation index, MI, was then defined as the Kullback-Leibler distance between that distribution and a uniform distribution:
A disadvantage of using MI to quantify phase-amplitude coupling is that the index values, which were typically in the range of .001 to .05, do not give an intuitive sense of the absolute coupling strength.
The values were small because the theoretical maximum, MI 5 1, occurs in the unrealistic event that amplitudes are zero for all but one phase bin. We explored the use of a simpler and more intuitive metric of coupling: MP 5 [max(P) 2 min(P)]/max(P) 3 100, which yields values ranging from 0 to 100% modulation. Our amplitude distributions occupied most of this range. However, unlike MI, MP is insensitivity to the width of the amplitude distribution (Tort et al., 2010) . Furthermore, we found that variations in amplitude distribution width were present in our dataset. Specifically, P typically became narrower with increasing modulation. Thus, we chose to use the width-sensitive measure, MI. To provide a sense of absolute modulation, however, we calculated the relationship between MI and MP for the observed set of distributions.
For reference, a MI of .001 5 18%, .005 5 36%, .01 5 48%, and
.05 5 78%.
To exhaustively search for phase-amplitude coupling, MI was computed for a matrix of frequency band pairs to generate a comodulogram (Tort et al., 2010) . In most cases, we searched 20 frequency bands for amplitude (logarithmically spaced between 10 and 300 Hz) and 20 frequency bands for phase (logarithmically spaced between 0.1 and 10 Hz).
To determine if each amplitude distribution was unimodal and had a preferred phase, u p , we fit P with a von Mises distribution,P(u) 5 a 1 b exp[j cos(h-h p )], using nonlinear least-squares to find the parameters a, b, j, and u p . The goodness of fit was assessed by computing the coefficient of determination, R 2 :
where P was the mean of P (Kvalseth, 1985) . Preferred phase was reported only when R 2 > 0.9. Phases of 08 and 1808 correspond to the peak and trough of the cycle, respectively.
We also computed gamma (30-50 Hz) amplitude distributions during different brain states (e.g., sedation vs. awake). For 10-min blocks of time in each state, the instantaneous amplitude was computed with the Hilbert transform of the bandpass-filtered signal and compiled into empirical probability distributions. Power spectral densities were computed using Thomson's multitaper estimate using 5 Slepian tapers.
Magnitude-squared coherence was computed using Welch's averaged modified periodogram method with 10-s windows and 50% overlap. To analyze sleep, no electrooculogram or electromyogram were available in these animals to score stages by traditional methods. However, as described in the Results, the inverse relationship between lowfrequency (<10 Hz) power and gamma (30-80 Hz) power during the night closely matched accounts of primate HIPP activity in identified sleep stages (Takeuchi et al., 2015; Tamura et al., 2013) . Specifically, putative slow-wave sleep periods were identified by low gamma power and high low-frequency power.
The time-domain analysis of electrically evoked potentials was performed without any digital filtering. The only data filters were imposed online by the acquisition hardware (0.2 Hz to 7.5 kHz passband). Kmeans clustering of the evoked potentials was performed on a window between 2 and 40 ms relative to the stimulus, which captured the waveform extent. The significance of oscillation phase on evoked potential amplitude was evaluated with a modification of the Rayleigh test for weighted vector data (Moore, 1980) . 
| R ESU L TS

| Gamma-slow oscillation coupling in sedation and sleep
Sedated recordings in the HIPP and PHG of all three monkeys had pronounced slow (0.5-2 Hz) and gamma (30-100 Hz) oscillations ( Figure   2a ). These rhythms were reliably observed on all HIPP and PHG electrodes in sedated sessions spanning 3-8 weeks. Unlike some previous HIPP recordings in sedated primates and sleeping humans, theta (4-10 Hz) oscillations and sleep spindles were rarely observed in the recordings (Staresina et al., 2015; Stewart and Fox, 1991) . Thus we focused our analysis on slow and gamma oscillations and their interaction.
The activity in HIPP and PHG was significantly coherent specifically at SO and gamma frequencies ( These same cross-frequency power relationships were found by two prior studies of primate HIPP activity during sleep (Takeuchi et al., 2015; Tamura et al., 2013) . Furthermore, these prior studies found that low-and gamma-frequency power corresponded to slow-wave sleep (SWS) and rapid eye movement (REM) sleep states, respectively, as scored by traditional methods (Rechtschaffen and Kales, 1968) . We thus adopted this interpretation. Without an electromyogram, we could not rule out the possibility that some of the putative REM states were in fact awake states (Tamura et al., 2013) . Ultimately, however, those states were irrelevant to the investigation of gamma-SO coupling, which was restricted to SWS. The time-resolved MI revealed strong gamma-SO coupling specifically during SWS in HIPP recordings but not states, the gamma-SO MI was 6.5 to 11.8 times larger in sedation than SWS (Figure 5a) . Second, the gamma frequency whose amplitude was maximally coupled to the SO was significantly higher in SWS (72.1 6 3.3 Hz) than sedation (40.9 6 3.4 Hz; t 6 5 13.5, p 5 1e-5; Figure 5a ).
There was no significant difference in the SO frequency whose phase was maximally coupled to gamma amplitude (SWS 5 0.97 6 0.10 Hz; sedation 5 0.95 6 0.19 Hz; t 6 5 0.23, p 5 0.823).
Several gamma sub-bands have been identified in the HIPP-PHG network, with distinct cellular mechanisms and functions (Buzsaki and Wang, 2012; Colgin and Moser, 2010) . Multiple gamma generators could underlie the frequency difference in gamma-SO coupling between sedation and SWS. We asked whether the broad-frequency, SO-modulated gamma rhythm during sedation (e.g., Figure 5a showed a consistent phase shift (Figure 5b ). During sedation, the preferred SO phase of high-gamma activity was significantly closer to the peak of the SO cycle than that of low-gamma activity (t 18 5 9.2, p 5 3e-8; Figure 5c ). This phase distinction of gamma sub-bands is reminiscent of HIPP theta-gamma coupling in rodents (Belluscio, Mizuseki, Schmidt, Kempter, & Buzsaki, 2012) . Finally, the preferred SO phase of high-gamma activity in sedation and sleep were statistically equivalent (t 22 5 0.2, p 5 0.84; Figure 5c ), which suggests that this rhythmic activity may be derived from the same mechanism in both states.
In summary, the results show that ketamine-dexmedetomidine sedation in macaques produces slow and gamma oscillations with phase-amplitude coupling in HIPP and PHG. Low-and high-gamma activity was coupled to distinct phases of the SO cycle. These features were similar to SWS, although only high-gamma coupling was present in sleep. The coupling was stronger in sedation than SWS, but the coupling strength gradually decreased as the sedative effects dissipated over time.
| Sleep-like rhythms modulate PHG-HIPP connectivity
Comodulated, gamma-slow rhythms during anesthesia and sleep in rodents are correlated with cyclically hyperpolarized and depolarized neuronal membrane potentials (Steriade et al., 1993b) . We asked To better quantify the relationship between pre-stimulus oscillatory activity and EP size, we performed an extended session in monkey D in which 500 stimulus pulses were delivered to the PHG over the course of 70 min. As in the prior sessions, the peak EP amplitude was distributed bimodally throughout the sedated session (Figure 7a ). The correlation between peak monosynaptic amplitudes and pre-stimulus power was computed in logarithmically spaced bands from 5 to 500 Hz should also be correlated with SO phase. Furthermore, previous studies have found that effective connectivity can be modulated by the specific SO (Schall, Kerber, & Dickson, 2008) or gamma (Ni et al., 2016) phase at the time of the stimulus. Thus, we computed the phase and amplitude of the gamma or SO cycle occurring immediately before each stimulus (Figure 7d ). The oscillatory cycles prior to the stimuli were within the gamma and SO frequency range on 210/500 and 263/ 500 occasions, respectively. The EP peak was not significantly modulated by gamma phase (Rayleigh test, p 5 .665, Figure 7e ). As in the average power analysis, the EP peak was linearly correlated with the log-transformed gamma cycle amplitude (r 5 .63, Figure 7f ). As predicted by the presence of phase-amplitude coupling, the EP peak was unimodally tuned to SO phase (Rayleigh test, p 5 .002, Figure 7g ). The monosynaptic responses were on average largest at a phase of 51.68
on the downward slope of the SO cycle (Figure 7g top) , similar to the preferred phase of gamma coupling. Finally, the EP peak was not correlated with SO amplitude (r 5 .08, Figure 7h ).
Taken together, these results demonstrate that sleep-like, gamma-SO coupling during sedation was correlated with excitability changes in the PHG-HIPP network. Specifically, gamma bursts after the peak of SO cycles corresponded to periods of increased gain of monosynaptic connections between these areas.
3.3 | PHG-HIPP connectivity during sedation reversal and wake power relative to the awake state (Figure 8d) . Lastly, the results of Figure 8a indicate that the state-dependent connectivity effect of sedation was primarily due to periods of decreased gamma activity relative to awake, likely due to the inhibitory phases of the SO cycle characterized previously. This result was based on gamma power calculated in the 300-ms window prior to stimulus pulses in the sedated and awake states. A similar result was obtained by compiling the distribution of gamma amplitudes at all time points across 1-h sedated versus awake recordings in monkey F (Figure 8e ). The higher mode of the sedation distribution (red) aligned with the awake gamma amplitude distribution (blue), while the lower mode (black) was not present in the awake distribution.
In summary, the two PHG-HIPP connectivity gains during sedation were both substantially lower than that of the awake state. During Prestimulus gamma cycles were isolated by highpass filtering at 25 Hz (210 of 500 cycles preceding stimuli were within the 30-100 Hz range). Prestimulus SO cycles were isolated by lowpass filtering at 3 Hz (263 of 500 within the 0.5-2 Hz range). The measurements were used to quantify the relationship between EP peak and gamma phase (e), gamma amplitude (f), SO phase (g), and SO amplitude (h). For phase relationships with significant unimodal tuning, the preferred phase is indicated by the circle on the sine wave above the plot sedation recovery, there was a gradual increase in gain and an uncorrelated, phasic increase in gamma power. Prestimulus gamma power was predictive of the relative gain difference during sedation but not the absolute difference from wake.
| D I SCUSSION
The main finding of this study is that ketamine-dexmedetomidine sedation in primates produces phase-amplitude coupling of gamma and slow oscillations in the PHG-HIPP network. The effect was similar to but stronger than coupling seen in natural SWS. The SO cycles produced periods of regular and abnormally low gamma activity relative to awake activity, which were correlated with two discrete HIPP response gains to PHG input. Reversal of sedation caused decreased SO power, abnormally increased gamma power, and a gradual strengthening of PHG-HIPP connectivity.
| Slow oscillations and neuronal excitability
The connectivity results are consistent with documented effects of neocortical SO on the PHG and HIPP during anesthesia in cats and rodents. The SO is an intrinsic rhythm of the neocortex (Steriade, Nunez, & Amzica, 1993a; Timofeev, Grenier, Bazhenov, Sejnowski, & Steriade, 2000) . The rhythm is synchronous across most of the cortex, due to long-range recurrent cortical and possibly thalamic connections (Amzica and Steriade, 1995) . In a large percentage of neocortical neurons, each SO cycle corresponds to an UP state of depolarized membrane potential with spiking activity and gamma oscillations followed by a DOWN state of hyperpolarized membrane potential and an absence of spiking activity and gamma oscillations (Steriade, 2006; Steriade et al., 1993b) .
UP-DOWN states synchronous with neocortical SO are also present in pyramidal neurons in both superficial and deep layers of the entorhinal cortex (EC) in anesthetized rodents (Hahn, McFarland, Berberich, Sakmann, & Mehta, 2012; Isomura et al., 2006) . It is likely that through entorhinal and other PHG inputs the neocortical SO affects the HIPP (Wolansky et al., 2006) . The effect, however, is somewhat different than in cortical neurons. Neurons in the dentate gyrus (DG), CA3, and CA1 show little or no UP-DOWN membrane potential fluctuations during neocortical SO (Hahn, Sakmann, & Mehta, 2007; Isomura et al., 2006) . Cortical DOWN-UP transitions are associated with monosynaptic excitatory input from PHG to the DG and CA1.
Correspondingly, most DG and CA1 neurons have more spiking activity in the UP state. Furthermore, similar to our results (Figure 7g ), the FIGU RE 8.
F IGURE 8 Gamma-dependence of hippocampal EPs in sedated versus awake animals. (a) Time course of EP peaks and pre-stimulus gamma power in monkey D across three behavioral states: sedated (red, black circles), recovery (gray circles), and awake (blue circles). Gamma (30-50 Hz) power was calculated in a 300-ms window preceding each stimulus. The horizontal axis is scaled to stimulus number not absolute time. PHG stimuli during sedation in the lab were delivered every 5 s by a commercial stimulator. PHG stimuli during recovery and awake periods in the home cage were delivered every 30 s by a custom wearable stimulator. Stimulus amplitude was 0.5 mA in both cases. The reversal agent, atipamezole, was given between the sedated and recovering states. evoked DG response to perforant path stimulation is maximal during the falling phase of SO cycles (Schall et al., 2008) . In contrast, most CA3 and some CA1 neurons preferentially discharge in the DOWN state. Gamma oscillations also occur in the UP state in DG and in the CA1 stratum lacunosum-moleculare, which receives direct cortical inputs. However, gamma oscillations are most prominent in the DOWN state in the CA1 stratum radiatum, which receives inputs from CA3 (Isomura et al., 2006) .
To summarize, the anesthetized rodent literature shows that the neocortical SO produces synchronous rhythmic excitation and inhibition of PHG neurons and their monosynaptic HIPP targets. This would explain the two HIPP response gains to monosynaptic PHG input observed in our study and their correlation with gamma amplitude and SO phase. Interestingly, the low-amplitude response state in monkey D consistently had a late component of the EP around 20 ms not seen in the high-amplitude response state (e.g., Figure 8b , black vs. red response). This late component may be a disynaptic response along the PHG-CA3-CA1 pathway (Yeckel and Berger, 1990) , which was not observed in either state in the other animals perhaps due to electrode placement differences. An increased disynaptic response during the low-gamma, inhibitory phase of SO cycles is consistent with DOWNstate excitation of CA3 (Isomura et al., 2006) . Characterizing trisynaptic pathway excitability during the SO in primates is an avenue for future investigation. Overall, our study shows that there is a strong similarity between rodents and primates in the effects of the SO on PHG and HIPP excitability.
| Mechanisms of gamma-so coupling
From our results, we can also infer a potential mechanism for gamma-SO coupling. First, we can rule out a mechanism where gamma power simply reflects asynchronous spiking activity that, as described above, is elevated in UP states. The spectral power, coherence, and comodulograms demonstrate that the coupled gamma power was a band-limited oscillation rather than the broadband power increase one would expect if due to spiking activity (Ray and Maunsell, 2011) . The specificity of the coupling to PHG and HIPP suggests that the SO modulates gamma generators intrinsic to this network. Extensive work in rodents has identified two such gamma generators: a fast gamma (80 Hz) generator in the PHG and a slow gamma (40 Hz) generator in CA3 (Colgin and Moser, 2010) . These rhythms are thought to arise largely from inhibitory interneuron activity producing gamma-frequency inhibitory postsynaptic potentials in pyramidal cells (Buzsaki and Wang, 2012) .
SO modulation of these generators could be due to increased/ decreased excitatory drive to inhibitory networks during UP/DOWN states. The slow gamma rhythm of the CA3 generator is predominant in anesthetized rodents and slice preparations in which PHG-HIPP connectivity is reduced (Colgin and Moser, 2010) . Likewise, here we found that ketamine-dexmedetomidine sedation produced a net decrease in PHG-HIPP connectivity and a SO-modulated gamma rhythm that was slower (40.9 Hz) than in natural SWS (72.1 Hz). Thus our results point to a similar arrangement of distinct PHG and HIPP gamma generators in the primate, both of which are influenced by the SO.
HIPP gamma-SO coupling may also be related to memory consolidation via sharp-wave-ripple (SWR) complexes. SWRs are intrinsic HIPP events during which prior, behaviorally-related sequences of HIPP spiking activity are reactivated (Csicsvari et al., 2000; Kudrimoti et al., 1999) . SWRs are biased to occur during neocortical UP states (Battaglia et al., 2004; Molle et al., 2006) , which may facilitate both remote replay of HIPP spiking sequences in the neocortex and, ultimately, memory consolidation (Ji and Wilson, 2007) . In primates and humans, the ripple oscillation has a lower frequency range (80-130
Hz) than in rodents (Bragin, Engel, Wilson, Fried., & Buzsaki, 1999; Clemens et al., 2007; Leonard et al., 2015; Ramirez-Villegas, Logothetis, & Besserve, 2015; Skaggs et al., 2007) . This mechanism could, therefore, explain the fast gamma-SO coupling we observed in SWS. However, we have no definitive data suggesting the SO-modulated gamma were, in fact, ripples. Furthermore, given that ripples are not coherent across HIPP subfields (Sullivan et al., 2011) , we would have been less likely to record them due to the extensive spatial averaging from our macroelectrodes. Recent studies have found that a transient slow gamma oscillation occurs during SWR events and that, unlike ripples, it is synchronous within the HIPP and between the HIPP and neocortex (Carr, Karlsson, & Frank, 2012; Greenberg, Whitten, & Dickson, 2016; Remondes and Wilson, 2015) . To the extent SWR are biased by the SO, this slow gamma rhythm could also underlie the observed coupling and, by virtue of its synchrony, be theoretically more visible in our recordings.
| A primate model of sleep-like HIPP activity
Two recent studies were the first to examine macaque HIPP activity during natural sleep with detailed sleep stage classification (Takeuchi et al., 2015; Tamura et al., 2013) . High-amplitude slow, delta, and theta (0.5-8 Hz) oscillations were found to be present predominantly in stages III and IV of non-rapid eye movement sleep (Tamura et al., 2013) . The corresponding epochs in our sleep recordings were precisely those with strong gamma-SO coupling. Our sleep phaseamplitude coupling results mirror those of Takeuchi et al. They found gamma-SO coupling largely confined to stages III and IV, with a similar preferred phase and gamma frequency range as we observed (Takeuchi et al., 2015) .
Ours is the first study to directly compare macaque HIPP field potentials in sleep to sedation. It has long been observed that ketamine, usually in combination with an a 2 -adrenergic receptor agonist (e.g., xylazine, dexmedetomidine), can produce SWS-like activity in the HIPP of non-primates (Sharma et al., 2010) . There is evidence that the ketamine-induced SO in the HIPP is a result of NMDA-receptor antagonism in the nucleus reuniens (Zhang et al., 2012) . The SO is also a common electroencephalography (EEG) feature of dexmedetomidine sedation in humans (Akeju et al., 2016; Purdon, Sampson, Pavone, & Brown, 2015) . Thus both agents may have contributed to generation of the observed SO. Ketamine, given alone, is also typically associated with increased gamma activity in the HIPP (Kittelberger, Hur, Sazegar, Keshavan, & Kocsis, 2012; Lazarewicz et al., 2010) . We observed no gamma amplitude increase relative to wake (e.g., Figure 8e ), perhaps due to a counterbalancing suppression of gamma oscillations by dexmedetomidine. Such an action can be inferred from the prominent increase in gamma power immediately after administration of the reversal agent atipamezole (Jang, Choi, Lee, Jang, & Lee, 2009 ).
As in a prior investigation in cats (Chauvette et al., 2011) , we found that there were several differences between neural activity in sedation and sleep that must be considered if using ketamine-dexmedetomidine to model SWS in primates. First, a slower gamma oscillation was coupled to the SO during sedation as compared to SWS. As discussed above, this could result from sedation decreasing the normal contribution of the PHG to gamma generation in the HIPP. Second, the strength of phase-amplitude coupling in sedation was artificially elevated relative to SWS. This result is similar to that of a prior study, which found that ketamine increased theta-gamma coupling in rat HIPP (Caixeta, Cornelio, Scheffer-Teixeira, Ribeiro, & Tort, 2013) . The result is also reminiscent of the EEG "extreme delta brush" pattern, a high-amplitude 20-30 Hz burst occurring on the descending phase of 1-3 Hz waves, seen in some human cases of anti-NMDA receptor encephalitis (Schmitt et al., 2012) . We speculate that there may be a general link between NMDA-receptor hypofunction and the hypermodulation of local fast (beta/gamma) oscillations by slow rhythms.
Finally, a practical challenge in this SWS model is the stability of the effects. SO power and gamma-SO coupling was a moving target, steadily decreasing after sedation as in other anesthetized preparations (Wolansky et al., 2006) .
In light of these considerations, the ketamine-dexmedetomidine primate model could be viewed as an opportunity to study the electrophysiology of the putative, intrinsic CA3-CA1 gamma and SWR generators in relative isolation from PHG inputs. Analogous investigations in anesthetized rodents have provided tremendous information about intrinsic HIPP physiology. Primate HIPP function in natural SWS, on the other hand, would best be studied directly through further enhancements (e.g., channel count, sampling rate, and power efficiency) to wearable electrophysiology devices like those used here.
